The formation and elaboration of axonal and dendritic morphologies are fundamental aspects of neuronal polarization critical for information processing. In general, developing CNS neurons elaborate one axon and multiple dendrites in response to intracellular and extracellular cues, so as to transmit and receive information, respectively. The molecular mechanisms underlying axon-dendrite polarity are complex and involve the integration of numerous signaling pathways that impinge on the cytoskeleton. One group of proteins, the Rho GTPases, has emerged as key integrators of environmental cues to regulate the underlying axonal and dendritic cytoskeletons. Here, we discuss the role of regulators of the Rac1 GTPase in axon development and highlight the importance of both actin and microtubule remodeling in this process.
During development, the majority of CNS neurons polarize to elaborate one long, slender axon and multiple shorter, tapering dendrites. Communication between neurons involves the formation of synapses between axons of presynaptic neurons and dendrites of postsynaptic neurons. Generally, axons send signals, and dendrites receive signals. Thus, both axonal and dendritic morphologies, which are primarily determined by their underlying cytoskeletons, will have an important impact on the processing of neuronal information. Multiple environmental cues, including neuronal activity, the neurotrophin family of growth factors, and extracellular guidance molecules, influence the development, patterning, size, and shape of dendrites and axons (Guan and Rao, 2003; Jan and Jan, 2003; Van Aelst and Cline, 2004; Wiggin et al., 2005) . Defining how neurons acquire their polarity, size, and shape during development and how learning and experience influence morphological changes that alter the functional connectivity between presynaptic and postsynaptic cells has been a major challenge. One group of signaling molecules, the Rho GTPases, have emerged as key integrators of environmental cues to regulate the underlying axonal and dendritic cytoskeletons (Van Aelst and Cline, 2004 ) (see also below).
As mentioned above, the formation and elaboration of axonal and dendritic morphologies are fundamental aspects of neuronal polarization critical for information processing. In developing hippocampal and cortical neurons, multipolar cells extending several minor neurites are observed as an intermediate stage before axonal extension occurs (Goslin and Banker, 1989; Noctor et al., 2004; Nakahira and Yuasa, 2005) . Typically, one of these neurites rapidly extends to form the axon, and several days later, the remaining neurites will develop into dendrites. The first sign of an axon is generally hailed as evidence of morphological polarization. The molecular and cellular mechanisms that underlie axon-dendrite polarity are complex. They involve the integration of cues and signals that define which protrusion/neurite is to become the axon and those that promote rapid elongation of the nascent axon and sustain axonal outgrowth. A number of models have been proposed on how the axon is specified, including centrosome positioning in postmitotic neurons and the generation of a positive feedback loop (Zmuda and Rivas, 1998; Shi et al., 2003; de Anda et al., 2005; Ye and Jan, 2006) . Preferential and persistent accumulation or activation of the growth-promoting machinery in just one neurite, or at a particular location on the cell body, of an unpolarized neuron is likely to be key in the fast elongation of the future axon (Jiang and Rao, 2005; Jacobson et al., 2006) . Intracellular mechanisms that enhance neurite/axon growth involve changes in both actin and microtubule (MT) networks. For example, locally destabilizing actin filaments can induce axon formation, and actin instability appears to be highest in the neurite destined to become the axon (Bradke and Dotti, 1999; Da Silva et al., 2005) . There is also a dramatic influx of MTs into the nascent axon that together with enhanced MT growth is believed to contribute to neurite/axon elongation (Yu and Baas, 1994; Yu et al., 2001; Baas, 2002) .
A number of signaling molecules that have been linked either directly or indirectly to the regulation of the cytoskeleton have been implicated in different steps of axon-dendrite polarization. These molecules include phosphatidylinositol 3-kinase and its product PIP3, the Akt/GSK-3␤/CRMP-2 or adenomatous polyposis coli complex, the evolutionarily conserved Par3/Par6/aPKC complex, SAD (synapses of the amphid defective) kinases, Ras and Rho family members, and the membrane enzyme PMGS, which influences the activities of Rac and Rho GTPases (for review, see Arimura and Kaibuchi, 2005; Govek et al., 2005; Kishi et al., 2005; Wiggin et al., 2005 ) (see also second and third section of this Mini-Review series).
Members of the Rho family of GTPases, including Rac, Cdc42, and RhoA, function as binary molecular switches by cycling be-tween an active GTP-bound state and an inactive GDP-bound state. Their activity is determined by the ratio of GTP to GDP in the cell and can be influenced by a number of different regulatory molecules (Van Aelst and D'Souza-Schorey, 1997). These include positive regulators, guanine-nucleotide exchange factors (GEFs), and negative regulators, GTPase activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (Hoffman et al., 2000; Schmidt and Hall, 2002; Bernards, 2003) . Only GTP-bound Rho GTPases can interact with effector proteins, which in turn mediate their biological activities. RhoA, Rac1, and Cdc42 are best known for their characteristic effects on the actin cytoskeleton but more recently have also been shown to influence MT organization (Van Aelst and D'Souza-Schorey, 1997; EtienneManneville and Hall, 2001; Gundersen et al., 2004) . As key modulators of the cytoskeleton, these proteins have been found to play important roles in various aspects of neuronal development, including neuronal migration, neurite/axon formation and outgrowth, as well as dendrite and dendritic spine formation and maintenance . The importance of Rho signaling in neuronal development is also highlighted by the findings that mutations in their regulators and effectors are found to underlie or contribute to various neurological disorders . How could these numerous varied developmental processes all require Rho GTPases? Specificity may be conferred through spatio-temporal regulation of the GTPase activity by the distinct GEFs and GAPs. Indeed, GEFs have been proposed to contribute to signaling specificity by associating with scaffolding molecules that link them and the GTPase to specific effectors (Buchsbaum et al., 2002 (Buchsbaum et al., , 2003 Jaffe et al., 2004) . Here, we will mainly discuss the role of regulators of the Rac1 GTPase in axondendrite polarity.
Several studies indicate that localized activation of the Rac1 GTPase contributes to the rapid elongation of the nascent axon (Kunda et al., 2001; Ng et al., 2002; Chuang et al., 2005; Da Silva et al., 2005; Nishimura et al., 2005) . Insights into the molecular regulation of Rac1 GTPase activity important for this process have recently been obtained. The Rac-specific GEFs, Tiam-1 (invasion-inducing T-lymphoma and metastasis 1) and a Tiam-1-related protein, STEF, have been reported to regulate Rac1-driven actin remodeling to promote elongation of the future axon. A study by Kunda et al. (2001) suggests that Tiam-1 affects neuronal polarization through actin reorganization in the tip of axonal growth cones of rat hippocampal neurons. Overexpression of Tiam-1 promotes the formation of several long, thin axon-like processes, whereas suppression of Tiam-1 prevents axon formation. Kaibuchi and colleagues (Nishimura et al., 2005) found that STEF (which also induces multiple axon-like neurites) is present in a complex with Par-3, Par-6, aPKC, and GTP-bound Cdc42 and that STEF directly interacts with Par3. They also demonstrated that interfering with Par3 function inhibited Cdc42-induced Rac1 activation in N1E-115 neuroblastoma cells (Nishimura et al., 2005) . Because Cdc42 can interact with Par-6 in neurons (Schwamborn and Puschel, 2004) , a model was proposed in which Cdc42 signals to STEF/Tiam-1 through the Par-3/Par-6/aPKC complex to activate Rac and trigger actin remodeling and neurite/axon elongation (see second section of this Mini-Review series).
The above studies indicate that activation of a Rac signaling pathway that controls actin remodeling contributes to the development of the axon. Interestingly, recent work by our group has delineated a distinct pathway in which local activation of a novel Rac-specific GEF, DOCK7, regulates Rac activity to inactivate the MT destabilizing protein stathmin/Op18 and promote axon formation (Watabe-Uchida et al., 2006). We identified DOCK7 in a screen for upstream regulators of the Rac1 GTPase. DOCK7 is a member of the evolutionarily conserved DOCK180-related protein superfamily, which emerged as a new class of activators of the Rho GTPases. The DOCK7 protein is highly expressed in the developing brain, and significantly it is asymmetrically distributed in unpolarized stage 2 hippocampal neurons and selectively expressed in the axon. Knockdown of DOCK7 expression prevents axon formation, whereas overexpression induces the formation of multiple axons. Interestingly, we obtained evidence showing that DOCK7 and subsequent Rac activation lead to phosphorylation (at serine 16) and inactivation of the MT destabilizing protein stathmin/Op18 in the nascent axon and that this event is important for axon development . In particular, the levels of phosphorylated stathmin-S16 are higher in the nearly formed axon than in the future dendrites, and expression of a phosphorylation-deficient stathmin mutant (stathmin-S16A) perturbs axon formation and suppresses the DOCK7-induced formation of multiple axons. Thus, our study links the Rac activator DOCK7 to a MT regulatory protein and supports the idea that spatially controlled regulation of the MT network is important for axon formation and neuronal polarization. How DOCK7 becomes concentrated in just one neurite of stage 2 neurons and is selectively expressed in the axon is currently unknown.
An intriguing question is why more than one activator (e.g., DOCK7 and STEF/Tiam-1) is required for Rac in the developing axon? Genetic studies in Drosophila have elegantly illustrated that distinct Rac-GEFs couple to different downstream effector path- ways and that each of them contributes to axonal outgrowth (Ng and Luo, 2004) . Therefore, it is tempting to speculate that spatial and temporal activation of DOCK7 and STEF/Tiam-1 engages different effector pathways that contribute to the MT and actin reorganization needed for axon formation during polarized growth (Fig. 1) . Whether different extracellular cues are involved in the activation of DOCK7 and STEF/Tiam-1 remains to be seen. Presumably, there will be cross talk between these pathways, particularly because the actin and MT cytoskeletal systems are known to feedback on each other (Waterman-Storer et al., 1999; Rodriguez et al., 2003) . This may potentially contribute to the local increase in Tiam-1/STEF and/or DOCK7 activities.
Clearly, the establishment of axon-dendrite polarity is a complex process that involves numerous molecular players besides the Rho GTPases. In the future, it will be important to determine how all of these signaling pathways and mechanisms are integrated to mediate the development and growth of the axon and dendrites. In addition, studies involving real-time imaging of cytoskeletal dynamics during axon formation will be required to further elucidate their contributions to this process in vivo.
